The strain hardening behavior of an AISI 304 stainless steel at different temperatures was investigated in this work. Specimens were tensile tested up to rupture at temperatures of 25, 50, 75, 100, 125 and 150 ºC by using a universal testing machine with an attached environmental test chamber. The induction of martensite by strain was assessed by X-ray diffraction and Rietveld refinement. The resultant fracture morphologies were analyzed by scanning electron microscopy. The changes in the mechanical properties as a function of temperature were evaluated through the variations in the stress-strain curve and the strain hardening behavior was described in terms of strain hardening rate, instantaneous strain hardening exponent and Crussard-Jaoul analysis. Six strain hardening stages were detected at lower temperatures, transitioning into three strain hardening stages at higher temperatures. Fracture surface was ductile at all studied temperatures, although differences in terms of dimple and void morphology were observed.
Introduction
High strength, good formability and toughness are fundamental properties demanded by steels that are usually employed as structural materials, in areas that range from the automotive to the construction industries. Amongst those steels, the metastable austenitic stainless steels stand out for exhibiting good mechanical properties and excellent corrosion resistance 1, 2 . The austenitic stainless steels have a low stacking fault energy (SFE) and the strain-induced ε and α' martensitic transformations play a strong role in the mechanical behavior of these materials. The formation of ε martensite and α' martensite, which have hexagonal close-packed and body-centered cubic atomic structures respectively, can occur upon straining and its extent is strongly affected by various factors, such as steel chemical composition, amount of plastic deformation, strain rate, strain state, deformation temperature and the grain size of the austenitic phase 3, 4 . Considering that metastable austenitic stainless steels cannot be hardened by heat treatments 5 , the occurrence of strain-induced martensitic transformation (SIMT) is an essential factor, considering that it improves the strain hardenability of the steel. The formation of α' martensite is highly influenced by the SFE and the chemical driving force to transform austenite to martensite. Since both parameters are dependent on temperature, this variable also affects SIMT 6, 7 . There are already some works on the technical literature dealing with the sensitivity of strain hardening to temperature. In most of these works, authors have found that at a given strain, the extent of SIMT continuously decreases until being completely suppressed in response to the temperature increase. This is related to the rise in SFE and the decrease in chemical driving force 2, 3, [8] [9] [10] . Huang et al. 8 verified that there is a transition from sigmoidal to parabolic in the stress-strain curves with the increase in deformation temperature. These authors observed that the rate of martensite formation and ultimate tensile strength decrease with temperature increase, despite yield strength being relatively insensitive to temperature. Likewise, Talonen et al.
2 also pointed out some changes in the stress-strain curves shape under deformation temperature variation. Those authors stated that the maximum transformation rate was reached when the volume fraction of α' martensite was between 30~40% at all analyzed temperatures. Above this level, there might have been an increase in the steel work hardening due to the clustering and percolation of α' martensite variants.
Thus, understanding the role of deformation temperature in strain hardening is essential for the enhancement of forming parameters and mathematical modeling of such processes. Nevertheless, few studies explored the influence of deformation temperature on the AISI 304 instantaneous strain hardening exponent and on its fracture aspects under different temperatures. The aim of the present work was then to investigate the influence of temperature on the instantaneous 
Materials and Methods

Experimental
The material used in this work was an austenitic AISI 304 stainless steel, whose chemical composition, provided by the manufacturer, is shown in Table 1 .
Uniaxial tensile tests up to rupture were carried out using an Instron 5582 universal testing machine (Instron, Norwood, MA, USA) equipped with an environmental test chamber (Instron 3119-009, Instron, Norwood, MA, USA). The tests were conducted at a strain rate of 1x10 -3 s -1 and temperatures of 25, 50, 75, 100, 125 and 150 ºC. Three tests were performed per condition in order to guarantee the reliability of the measurements. Tensile test specimens were prepared according to ASTM A370 standard 11 , having 200x20x1mm dimensions.
Samples were cut from the tested specimens prior and after strained to a certain amount of deformation. These samples were analyzed by X-ray diffraction (XRD) in order to characterize the microstructural changes as a function of the deformation. XRD measurements were performed at room temperature in a PANanalytical PW1710 diffractometer (PANanalytical, Almelo, The Netherlands), using Cu Kα radiation and Bragg-Brentano geometry. The parameters used for the XRD measurements were as follows: 35kV voltage; 50mA anode current; diffraction angle from 20 to 90º 2θ; step size of 0.02º 2θ and exposure time of 2.5 seconds per step. Crystalline phases were indexed by means of standard X-ray diffraction patterns acquired from the Inorganic Crystal Structure Database (ICSD) 12 . Phase quantification was performed through Rietveld refinement by using the GSAS software and EXPGUI interface. It is important to point out that the samples for XRD analysis were cut from the region of homogeneous deformation in the strained specimens, thus the microstructural changes observed through XRD occurred up to the ultimate tensile strength only.
The fracture surfaces were assessed by scanning electron spectroscopy (SEM) by using an Inspect S50 microscope (FEI Company, Brno, Czech Republic) with a secondary electron detector operating at 15kV.
Mechanical analyses
Based on the tensile test results, average stress-strain and flow curves for each condition were calculated for the subsequent strain hardening analyses. Mechanical properties were assessed in terms of yield strength, ultimate tensile strength, uniform elongation and average strain hardening exponent. These results and those of the strain hardening analyses were represented with their corresponding standard error of the mean.
Strain hardening stages were distinguished using a modified Crussard-Jaoul (C-J) analysis, which exhibits clearer distinction between stages than other analyses [13] [14] [15] [16] [17] . This analysis is based on the logarithmic form of Swift equation differentiated with respect to ε and is given by: Table 1 . Chemical composition of the studied AISI 304 stainless steel (wt. %). 
Steel
Where m is the C-J strain hardening exponent, C is the strength coefficient, σ is the true stress and ε is the true strain. (dσ/dε) is the strain hardening rate while (1 -m) is the slope of ln (dσ/dε) vs. ln σ plot.
The strain hardening rate and the instantaneous strain hardening exponent, n i , were utilized to analyze the strain hardening capability of the material. Since the strain hardening exponent is not constant, n i is preferable to an average strain hardening exponent 18 . The instantaneous strain hardening exponent is given by: Figure 1 shows the tensile test results for the AISI 304 samples strained at 25, 50, 75, 100, 125 and 150 ºC. Figure 1a presents the stress-strain curves and Figure 1b presents the flow curves that were employed in the subsequent strain hardening analyses, which are presented in detail in section 3.4. Figure 2 presents the values of yield strength (YS), ultimate tensile strength (UTS), uniform elongation (UE) and average strain hardening exponent (n) as a function of test temperature.
Results
Mechanical properties
X-Ray diffraction
XRD results showed that prior to deformation, samples exhibited completely austenitic structure, with a noteworthy preferential orientation of the {200} and {220} planes. Figure 3a presents the experimental XRD patterns and respective Rietveld refinement for the AISI 304 samples strained up to UTS at different temperatures. The XRD analysis showed a wide variation in terms of proportional α' martensite and austenite from one straining temperature to another, confirming the great influence of temperature on the deformation process and consequent microstructural evolution of the AISI 304 steel. The calculated α' weight fraction on the samples after strained up to UTS as a function of test temperature is shown in Figure 3b . Rietveld refinement and phase quantification were not carried out on the samples strained at 125 and 150 ºC, as only the austenitic phase was identified on the respective XRD patterns. The α' martensite weight fraction, weighted profile R-factor (R wp ) and goodness of fit (χ 2 ) associated with the Rietveld refinement are presented in Table 2 . According to the literature 19, 20 , acceptable R wp and χ 2 values should be approximately 10% and 1, respectively. R wp and χ 2 for the samples tested 25 and 50 ºC fit these conditions and corroborate with the refinement, however, as a result of the remarkably low α' martensite fraction at samples tested at 75 and 100 ºC, these parameters have diverted from what would be considered optimal.
Low intensity ε martensite reflections were detected in samples strained up to UTS at 100 and 125ºC (see Figure 3a) . In addition, weak ε martensite reflections were also observed in samples deformed to intermediary strain values (ε = 0.1 and 0.2) at 25 and 50ºC. Figure 4 presents the most clear ε martensite reflections, which were observed in the samples deformed at 25ºC up to ε = 0.1. In order to make the low ε martensite evident in Figure 4 , intensity values are displayed in a square root scale. As a result of solely low intensity reflections of ε martensite being observed, no effort was done in trying to perform a quantitative analysis of this phase. Figure 5 shows an SEM macrostructure overview of the fracture morphology of the samples strained at all studied temperatures. Figure 6 shows SEM images of the fracture of the samples strained at 25, 75 and 150 ºC. A typical ductile fracture was observed at all studied temperatures. hardening stages for the AISI 304 samples strained at 25, 50, 75, 100, 125 and 150 ºC. Figure 8 and Figure 9 show, respectively, the strain hardening rate (SHR) and instantaneous strain hardening exponent of the AISI 304 samples at the studied temperatures. For the sake of comparison, the average strain hardening exponent is also represented in Figure 9 .
Fracture morphology
Strain hardening behavior
Discussion
X-Ray diffraction
XRD results clearly show the severe suppression of the α' SIMT with the increase in the test temperature, as the XRD patterns change from a combination of α' martensite and austenite at lower temperatures to a mainly austenitic microstructure at 125 and 150 ºC. Phase quantification results show that α' SIMT is a crucial strain hardening mechanism at 25 and 50 ºC, as the microstructure is, respectively, 80 and 38.5% martensitic after strained, and that α' SIMT is completely suppressed at the 100-125 ºC range, which is in accordance with the literature 2, 7 . Talonen et al.
2 estimated that the formation of shear bands on a similar metastable austenitic steel would completely cease at 95 ºC, and therefore the nucleation of α' martensite, as it nucleates at shear bands intersections. Shear bands are planar defects formed by the dissociation of perfect dislocations to partial dislocations and the overlapping of stacking faults on austenite {111} planes. ε martensite, mechanical twins and faulted austenite/ε martensite are examples of planar defects that can be referred to as shear bands 2, 7 . XRD results of samples deformed at 25 and 50 revealed that ε martensite was an intermediary phase for the formation of α' martensite. Therefore, it must have influenced the strain hardening behavior of early strain stages at lower temperatures, as it is mentioned in the literature 3,9,10,21,22
. Low intensity ε martensite reflections were observed from the samples deformed at 100 and 125 ºC, indicating that albeit suppressed, the formation of shear bands still occurred at these temperatures.
Mechanical properties
Mechanical properties generally decreased with an increase in deformation temperature, as a result of an increase in SFE, which affected stress and strain increments related to SIMT 2, 3, 6, 8, 9, 21, 23 . The rate of decline was higher in the 25-100 ºC range, as a consequence to the suppression of the SIMT. At 125 and 150 ºC this decline occurred at a lower rate and it is associated with the influence of SFE growth on dislocation glide and substructure formation 8 . Nonetheless, a maximum in uniform elongation was observed at 50 ºC, which is explained by a higher amount of strain induced ε martensite being formed and α' martensite occurring at a wider strain range, causing a more gradual increase in flow stress at high strains 8, 21 . This increase in ε martensite formation at a specific temperature range is related to the increase in SFE assisting dislocation cross-slip, and hence facilitating ε martensite formation 22 . Considering that mechanical twinning is an active strain hardening mechanisms at intermediate SFEs, there is also the possibility of this behavior being connected to mechanical twinning prior to completely shifting to dislocation glide 6, 7, 9, 10, 21, 23 . A slight increase in the average strain hardening exponent was also observed at 125 ºC. This could however be related to this not being the best parameter to describe strain hardening of materials with a more complex behavior 18 . Although it is stated in the literature that yield strength of fcc metals exhibit a low temperature sensitivity 6, 8 , it demonstrated a decreasing behavior with temperature in this investigation, which is in accordance with preceding publications 2, 22 . V-shaped troughs, which are associated to the propagation of micro-cracks being driven in various directions. At lower temperatures (25 and 50 ºC), dynamic strengthening occurred during necking as a result of the SIMT. However, the increase in deformation temperature inhibited this local strengthening and favored the formation of micro-cracks in different directions and the emergence of such special fracture patterns 8, 24 . Fractographic images revealed a ductile profile at all studied deformation temperatures. The mechanisms related to ductile fracture are closely related to the nucleation, growth and coalescence of microvoids. Void nucleation occurs by decohesion of the austenitic-martensitic interface or localized deformation of the martensitic phase. Thus, the absence of large dimples at 150 ºC is related to the suppression of martensite at high temperatures 25, 26, 27 . Dimple morphology developed from large round dimples surrounded by a network of fine dimples at lower temperatures to a combination of smaller round and parabolic shear dimples at 150 ºC. At higher temperatures, the inhibition of the α' strain-induced transformation reduces the amount of void nucleation sites, thus reducing dimple nucleation and growth opportunity. The observed network of smaller dimples present at lower temperatures also corroborate with martensite acting as void nucleation sites 26, 28 . Additionally, the parabolic shear dimples observed at higher temperatures seemingly emerge from in-plane shear plastic fracture occurring between the formed V-shaped troughs 25, 29 .
Despite only a qualitative analysis of dimple size have being approached in this investigation, dimple size, UTS, YS and UE followed a similar decreasing trend, as reported in the literature 26 . The average strain hardening exponent also seemingly followed a similar behavior.
Strain hardening behavior
It is noteworthy that variation in SHR and n i in stage 1 for all studied temperatures is similar, thus, most probably not related to the SIMT. According to previous publications 4, 7, 8, 9, 14 , solely traces of dislocation tangles and narrow planar defects were observed at lower strain values (ε = 0.05), and therefore stage 1 is plausibly related to dynamic strain softening and interaction of mobile dislocations.
Stage 2's strain hardening mechanisms is seemingly similar for samples deformed at 25 ºC and 50 ºC, range in which according to XRD results and the literature 3, 4, 10, 22 , the formation of ε martensite is favored and reaches a maximum at low strain values. In a previous study 7 , parallel shear bands formation were found to occur after a certain critical stress level was reached, which is in accordance with ε martensite formation starting in stage 2. XRD data revealed traces of α' martensite at 75 ºC and traces of ε martensite at 100 and 125 ºC, therefore, the formation of ε martensite certainly contributes to strain hardening in stage 2 at these temperatures, in conjunction with dislocation glide. Despite this potential 
Fracture morphology
On a macroscopic scale, temperature increment changed fracture surface from a flat profile at 25 ºC to one with an edge like profile with an ever increasing number of contribution of SIMT at 100 and 125 ºC, and considering that no SIMT occurred at 150 ºC, the dominant strain hardening mechanism in stage 2 for this temperature range is presumably dislocation glide, similar to what would be observed in more stable stainless austenitic steels, such as the AISI 316
30
. At higher deformation temperatures, as a result of the increase in SFE, the nucleation of perfect dislocations is preferred 31 , and thus deformation is characterized by dislocation interaction, pile up at grain boundaries, higher cross-slip, lower forest dislocation density, increase in mobile dislocation density and substructure formation 22, 32, 33 . As already mentioned in section 4.2, it is also possible that mechanical twinning could occur at intermediate temperatures, considering that it is a strain hardening mechanism that is active at intermediary SFE values 6, 7, 9, 10, 21, 23 . At lower temperatures, the intersection of ε martensite functions as a nucleation site for α' martensite and ε martensite is observable at strain values of circa ε = 0.05~0.2 3, 7 . The formation of a reasonable α' martensite fraction and a higher number of strain hardening stages was only observed at the deformation temperatures of 25, 50 and 75 ºC. Thus stage 3 is plausibly related to the onset of α' martensite formation, which is also in accordance with XRD results and the literature 4, 7, 22 . In this stage, strain is accommodated in the austenitic matrix and dislocation generation is enhanced due to the formation of α' martensite clusters and nonhomogeneous plastic deformation, resulting in a facilitated dislocation glide 4, 7, 10, 21, 22 . For these deformation temperatures, this stage exhibits a marginally diminishing SHR and an increasing n i , which is in accordance with the assumption that they are related to the same mechanism.
At 50 ºC, stages 2 and 3 are clearly wider than at 25 ºC, and although an increase in SHR is not observed, n i exhibits a steady increasing behavior. Therefore, this maximum in uniform elongation at 50 ºC is associated with the formation of ε and α' martensite over a wider strain range. A more gradual formation of martensite at 50 ºC causes steady increase in flow at higher strain values and delays necking. As previously discussed in session 4.2, this occurs as a result of the increase in SFE assisting the formation of ε martensite 8, 21, 22 . A work hardening increase is associated with the formation of 30~40% of α' martensite 2, 4 . As this critical fraction was only achieved at the deformation at 25 ºC, and that it was the only deformation temperature which presented an increase in SHR at medium strain values (stage 4). This stage marks the nucleation and growth of α' martensite percolating clusters throughout the austenitic matrix and the α' martensite plastic deformation. This microstructural evolution results in a composite strengthening effect, which further increases SHR as a consequence of its higher dislocation density 4, 5, 9 . The fact that samples deformed at 50 and 75 ºC do not reach this critical α' martensite fraction explains the absence of a stage featuring an increasing SHR.
Posterior stages which exhibited a decreasing behavior in SHR and n i (i.e. 25 ºC: stage 5; 50 and 75 ºC: stage 4; 100,125 and 150 ºC: stage 3) have been associated with the occurrence of dynamic recovery and the formation of highly dense dislocation walls 4, 8, 9, 14, 22 . It is noteworthy that stage 3's n i predominantly increases at a deformation temperature of 100 ºC, which could imply that other mechanisms are active in this particular stage.
An anomalous last strain hardening with increasing SHR and n i was observed at 25 and 50 ºC. This was only observed in samples that exhibit considerable SIMT and at relatively large strains. This phenomena could perhaps be related to one of the following: 1) necking occurring at lower stress than tensile strength, dynamic formation of martensite and local strengthening happening within the neck, resulting in an post-uniform strain 8 ; 2) the activation of strain hardening mechanisms involving a high dislocation density or possibly a complex stress state. Such increase in SHR at higher strains was also observed in previous publications 34, 35 . It is evident that the average strain hardening exponent poorly represents the strain hardening exponent of the distinct strain hardening stages, as it contrasts with n i for most of the presented deformation temperatures and stages. It is however, a good approximation of the strain hardening of the material as a whole, up to UTS. As the deformation temperature increased and the strain hardening behavior developed into a simpler one, the average strain hardening exponent displayed a better correlation with the n i of stages 2 and 3, which represent the majority of the respective strain hardening. Therefore, the average strain hardening exponent is a more fitting estimate for materials with less active strain hardening mechanism and a less complex mechanical behavior.
Conclusions
The strain hardening behavior and correlated mechanical properties of a AISI 304 steel at different temperatures was studied. The following conclusion were drawn:
1. Temperature increment drastically affected the mechanical behavior of the AISI 304 steel. As expected, the mechanical properties declined with an increase in test temperature. However, an abnormal increase in uniform elongation was observed at 50ºC, which is explained by the occurrence of strain-induced martensitic transformation at a wider strain range. 2. The strain-induced transformation was gradually suppressed by the increase in temperature. The temperature in which α' martensite ceased to be formed was estimated as being in the 100-125 ºC temperature range, although, ε martensite was still detected. Above this range, no martensite was observed. 3. Fracture surface was found to develop from a mostly flat profile at lower temperature into a serrated profile with V-shaped troughs as the temperature was increased. At lower temperatures, micro-cracks are suppressed by martensitic transformation, resulting in the absence of the V-shaped troughs present at higher temperatures. 4. Dimple morphology presented large round dimples surrounded by a network of smaller dimples at 25 ºC and a combination of finer round and parabolic shear dimples at higher temperatures. This is related to the inhibition of the α' strain-induced transformation, that reduces the amount of void nucleation sites and dimple nucleation. Additionally, the parabolic shear voids seemingly emerge from in-plane shear plastic fracture occurring between the formed V-shaped troughs. 5. A complex multi-staged strain hardening behavior, typical of metals that present a wide variety of strain hardening mechanisms, was observed at lower temperatures. On the other hand, a more simple behavior was observed at higher temperatures, which is explained by the suppression of the strain-induced martensitic transformation. 6. An anomalous last strain hardening stage, with increasing strain hardening rate and instantaneous strain hardening exponent, was observed at 25 and 50 ºC. This was only observed in samples that deformed up to relatively large strains and presented strain induced martensitic transformations.
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